A sea ice detection algorithm based on Fisher's linear discriminant analysis is developed to segment sea ice and open water for the Ku-band scatterometer onboard the China's Hai Yang 2A Satellite (HY-2A/SCAT). Residual classification errors are reduced through image erosion/dilation techniques and sea ice growth/retreat constraint methods. The arctic sea-ice-type classification is estimated via a time-dependent threshold derived from the annual backscatter trends based on previous HY-2A/SCAT derived sea ice extent. The extent and edge of the sea ice obtained in this study is compared with the Special Sensor Microwave Imager/Sounder (SSMIS) sea ice concentration data and the Sentinel-1 SAR imagery for verification, respectively. Meanwhile, the classified sea ice type is compared with a multi-sensor sea ice type product based on data from the Advanced Scatterometer (ASCAT) and SSMIS. Results show that HY-2A/SCAT is powerful in providing sea ice extent and type information, while differences in the sensitivities of active/passive products are found. In addition, HY-2A/SCAT derived sea ice products are also proved to be valuable complements for existing polar sea ice data products.
Introduction
Sea ice, acting as one of the critical components of the global climate system, modulates atmospheric and oceanic circulations through affecting ocean surface radiation, temperature, energy balance, and the circulation of salt flow [1] . The polar sea ice accounts for a large proportion of global sea ice, therefore, the study of the spatial and temporal properties of polar sea ice is of great significance for monitoring global climate changes, weather forecast, fishing conditions and marine transportation. In the past few decades, the development of satellite remote sensing techniques has provided new solutions and valuable data for monitoring the vast expanse of sea ice in the polar region. The satellite scatterometer, which is able to measure the backscatter characteristics of surface coverage, has been verified as a useful tool for polar sea ice monitoring, for example, sea ice extent [2, 3] and type [4] [5] [6] related studies.
In 1997, Remund and Long developed an automatic sea ice and open water discrimination algorithm using Ku-Band data derived from NASA Scatterometer (NSCAT) [7, 8] . Their principles were later adopted by the French Institute of Research for the Exploitation of the Sea (IFREMER) active/passive microwave sensors derived sea ice products. This paper is organized as follows: the experimental data and preprocessing are described in Section 2. Section 3 describes the HY-2A/SCAT data parameters and their levels of sensitivity to the presence of sea ice. The algorithm and validation of sea ice-ocean discrimination is described in Section 4. Section 5 provides the method and validation of Arctic sea ice type, and Section 6 concludes.
Data Sources and Preprocessing
The HY-2A satellite, launched in 16 August 2011, is China's first satellite with all weather and 24-hour capabilities of observing ocean dynamic environment parameters. HY-2A shares a similar sun-synchronous near polar orbit with an orbital inclinations of 99.34 • at 971 km. In a first stage, its repeat cycle is 14 days with an intersection period of 104.46 min, and it runs 13+11/14 revolutions every day. In a second stage it will cover 13+131/168 revolutions every day with the repeat cycle of 168 days. Figure 1 shows the daily coverage of the HY-2A/SCAT products in the first stage. The scatterometer onboard the HY-2A satellite (hereafter referred to as HY-2A/SCAT) employs a rotating pencil beam antenna which transmits and receives at 13.256 GHz observation of the backscatter cross section (σ 41 H , σ 48 V ) are collected in horizontally polarized (HH) inner beam and vertically polarized (VV) outer beam at incidence angles of 41 • and 48 • , respectively. The H-polarization covers a swath of 1350 km, while V-polarization coverage swath is 1700 km. The backscatter from VV is used in this study for ice type classification, while HH and VV backscatters are used to extract parameters for sea ice and open water discrimination. 2A/SCAT data parameters and their levels of sensitivity to the presence of sea ice. The algorithm and validation of sea ice-ocean discrimination is described in Section 4. Section 5 provides the method and validation of Arctic sea ice type, and Section 6 concludes.
The HY-2A satellite, launched in 16 August 2011, is China's first satellite with all weather and 24-hour capabilities of observing ocean dynamic environment parameters. HY-2A shares a similar sun-synchronous near polar orbit with an orbital inclinations of 99.34° at 971 km. In a first stage, its repeat cycle is 14 days with an intersection period of 104.46 min, and it runs 13+11/14 revolutions every day. In a second stage it will cover 13+131/168 revolutions every day with the repeat cycle of 168 days. Figure 1 shows the daily coverage of the HY-2A/SCAT products in the first stage. The scatterometer onboard the HY-2A satellite (hereafter referred to as HY-2A/SCAT) employs a rotating pencil beam antenna which transmits and receives at 13.256 GHz observation of the backscatter cross section ( , ) are collected in horizontally polarized (HH) inner beam and vertically polarized (VV) outer beam at incidence angles of 41° and 48°, respectively. The H-polarization covers a swath of 1350km, while V-polarization coverage swath is 1700 km. The backscatter from VV is used in this study for ice type classification, while HH and VV backscatters are used to extract parameters for sea ice and open water discrimination. NASA and the National Snow and Ice Data Center (NSIDC) specified a projection plane or grid tangent to Earth's surface at 70 degree northern and southern latitude with little or no distortion in the MIZ [22, 23] . This projection plane was defined by 448 × 304 and 332 × 316 grid points in Arctic and Antarctic using polar stereographic projection formula, respectively. Based on this projection, HY-2A/SCAT daily measurements of the polar region (latitude higher than 30.98°N and 39.23°S, respectively, see the horizontal latitude line in Figure1) are resampled into 25km resolution polar plane, see Figure 2 . After resampling, the count of valid observation per pixel per day ranges from 0 to 40, while the counts of observations per grid per day are mainly concentrated in the range of 1-15 and 2-25 for the Arctic and Antarctic region, respectively. In addition, because the Arctic and Antarctic sea ice distribute mainly at the latitude belt that has the highest counts of observations, it is reasonable to detect polar sea ice using the daily HY-2A/SCAT data. For every single polarization image in Section 3, the average of multiple measurements in a pixel is assigned to that pixel. NASA and the National Snow and Ice Data Center (NSIDC) specified a projection plane or grid tangent to Earth's surface at 70 degree northern and southern latitude with little or no distortion in the MIZ [22, 23] . This projection plane was defined by 448 × 304 and 332 × 316 grid points in Arctic and Antarctic using polar stereographic projection formula, respectively. Based on this projection, HY-2A/SCAT daily σ 0 measurements of the polar region (latitude higher than 30.98 • N and 39.23 • S, respectively, see the horizontal latitude line in Figure 1 ) are resampled into 25km resolution polar plane, see Figure 2 . After resampling, the count of valid σ 0 observation per pixel per day ranges from 0 to 40, while the counts of σ 0 observations per grid per day are mainly concentrated in the range of 1-15 and 2-25 for the Arctic and Antarctic region, respectively. In addition, because the Arctic and Antarctic sea ice distribute mainly at the latitude belt that has the highest counts of σ 0 observations, it is reasonable to detect polar sea ice using the daily HY-2A/SCAT data. For every single polarization image in Section 3, the average of multiple measurements in a pixel is assigned to that pixel. 
HY-2A Sea Ice Mapping Parameters
In 1997，the Seasat-A scatterometer dual-polarized ratio was initially used to discriminate sea ice from open water [11] . This polarization ratio reacts to the backscatter differences of polarization and incidence angle between sea ice and open water. In general, microwave signatures of sea ice are typically more isotropic in incidence angle than that of the sea water surfaces [3] . Based on this physical mechanism, experiments were designed to test the sensitivity of HY-2A/SCAT dualpolarized ratio ( / ) to the sea ice and the ocean. Results show that / is low for sea ice region and relatively higher for open water. However, wind-induced surface roughness can potentially cause open water with low polarization ratio close to sea ice [10] . In order to overcome this problem, the dual-polarized measurements ( , ) and their daily standard deviations ( , ) are combined for monitoring sea ice. As for the dual-polarized measurements, the HY-2A/SCAT h-pol measurements ( ) have similar signatures with their v-pol counterparts over sea ice, but are much lower compared with vpol measurements ( ) over the open water. Therefore, the signatures of sea ice and open water are more easily segmented and used for sea ice-water discrimination. Meanwhile, we find that the Vpol trends of HY-2A/SCAT have greater discrepancies between the MY and FY ice by examining the statistics of annual backscatter trends. Thus the v-pol measurements ( ) are used to identify sea ice types.
The daily standard deviation ( , ) carries information of the azimuthal and temporal differences of surface backscatter [3, 24, 25] . For azimuthal information, the isotropy of sea ice results in lower changes in different observation directions compared with the open water. Thus, this parameter can also be used to distinguish the sea ice from the open water which has large variations in , . For temporal information, it should be noted that the changes in the collection time of the track data cause the standard deviation to rise, and this contributes to the variation of 41 both in sea ice and ocean regions. Although the significance of such contributions is unclear, it does not affect the utility of this parameter in sea ice and open water discrimination.
In this study, all discussed parameters derived from the HY-2A/SCAT are adopted for sea ice monitoring. Example images of these parameters on 20 September 2013 are shown in Figure 3 , in which the central continent mask is obtained from NSIDC. Figure 3a shows the image of / , it is clear that / is much lower in sea ice regions compared with the open water as expected. From Figure 3b ,c , the images of and respectively, the sea ice can be easily distinguished from the open water since values of them are much higher over the sea ice region. Finally, from Figure  3d ,e, high variability of the and over open water regions could be clearly seen while this parameter for the sea ice region is quite steady. It should be noted that the pixels with less than two HH and VV measurements are regarded as bad pixels that cannot be used to discriminate sea ice 
In 1997, the Seasat-A scatterometer dual-polarized ratio was initially used to discriminate sea ice from open water [11] . This polarization ratio reacts to the backscatter differences of polarization and incidence angle between sea ice and open water. In general, microwave signatures of sea ice are typically more isotropic in incidence angle than that of the sea water surfaces [3] . Based on this physical mechanism, experiments were designed to test the sensitivity of HY-2A/SCAT dual-polarized ratio (σ 48 V /σ 41 H ) to the sea ice and the ocean. Results show that σ 48 V /σ 41 H is low for sea ice region and relatively higher for open water. However, wind-induced surface roughness can potentially cause open water with low polarization ratio close to sea ice [10] . In order to overcome this problem, the dual-polarized measurements (σ 41 H , σ 48 V ) and their daily standard deviations (∆σ 41 H , ∆σ 48 V ) are combined for monitoring sea ice.
As for the dual-polarized measurements, the HY-2A/SCAT h-pol measurements (σ 41 H ) have similar signatures with their v-pol counterparts over sea ice, but are much lower compared with v-pol measurements (σ 48 V ) over the open water. Therefore, the σ 41 H signatures of sea ice and open water are more easily segmented and used for sea ice-water discrimination. Meanwhile, we find that the V-pol σ 0 trends of HY-2A/SCAT have greater discrepancies between the MY and FY ice by examining the statistics of annual backscatter trends. Thus the v-pol measurements (σ 48 V ) are used to identify sea ice types.
The daily standard deviation (∆σ 41 H , ∆σ 48 V ) carries information of the azimuthal and temporal differences of surface backscatter [3, 24, 25] . For azimuthal information, the isotropy of sea ice results in lower changes in different observation directions compared with the open water. Thus, this parameter can also be used to distinguish the sea ice from the open water which has large variations in ∆σ H,V . For temporal information, it should be noted that the changes in the collection time of the track data cause the standard deviation to rise, and this contributes to the variation of ∆σ 41 H both in sea ice and ocean regions. Although the significance of such contributions is unclear, it does not affect the utility of this parameter in sea ice and open water discrimination.
In this study, all discussed parameters derived from the HY-2A/SCAT are adopted for sea ice monitoring. Example images of these parameters on 20 September 2013 are shown in Figure 3 , in which the central continent mask is obtained from NSIDC. Figure 3a this parameter for the sea ice region is quite steady. It should be noted that the pixels with less than two HH and VV measurements are regarded as bad pixels that cannot be used to discriminate sea ice from the ocean. Consequently, we use the previous day's good data to replace the bad pixels in order to achieve full daily sea ice extent. from the ocean. Consequently, we use the previous day's good data to replace the bad pixels in order to achieve full daily sea ice extent. 
Sea Ice Extent Mapping

FLDA Sea Ice-water Discrimination Method
After parameter selection, the combined 4-D hyperspace parameter matrix ( ) is adopted to distinguish between sea ice and ocean using the Fisher's Linear Discriminant Analysis (FLDA) method. The FLDA [26] [27] [28] classifier is achieved through extracting the 4-D hyperspace parameters of the sea ice and the open water, and then searching an optimal projection axes on which samples of the sea ice and the open water could be differentiated easily while the data samples belonging to the same class are highly centralized.
For the extraction of HY-2A/SCAT sample parameters, a 5% threshold on a NASA Team ice concentration product produced using the Special Sensor Microwave Imager/Sounder (SSMIS) is used to determine the sea ice extent, and the open water extent is known in the SSMIS ice concentration data [29] obtained from the NSIDC. Assuming that there are n extracted samples with d dimensions which are classified to sea ice-water, and are named , … , ∈ . Let of the n samples belong to sea ice , and , the rest portion of the n samples, belongs to ocean . The mean of each sample class ( = 1,2 ) and the mean of the overall ice-ocean samples μ could be calculated using Equations (1) and (2), respectively. 
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FLDA Sea Ice-water Discrimination Method
After parameter selection, the combined 4-D hyperspace parameter matrix
V is adopted to distinguish between sea ice and ocean using the Fisher's Linear Discriminant Analysis (FLDA) method. The FLDA [26] [27] [28] classifier is achieved through extracting the 4-D hyperspace parameters of the sea ice and the open water, and then searching an optimal projection axes on which samples of the sea ice and the open water could be differentiated easily while the data samples belonging to the same class are highly centralized.
For the extraction of HY-2A/SCAT sample parameters, a 5% threshold on a NASA Team ice concentration product produced using the Special Sensor Microwave Imager/Sounder (SSMIS) is used to determine the sea ice extent, and the open water extent is known in the SSMIS ice concentration data [29] obtained from the NSIDC. Assuming that there are n extracted samples with d dimensions which are classified to sea ice-water, and are named x 1 , . . . , x n ∈ R d . Let n 1 of the n samples belong to sea ice ω 1 , and n 2 , the rest portion of the n samples, belongs to ocean ω 2 . The mean of each sample class µ i (i = 1, 2) and the mean of the overall ice-ocean samples µ could be calculated using Equations (1) and (2), respectively.
The infra-class dispersion matrix S b and the inter-class dispersion matrix S w of sea ice and open water are shown as follows:
where p (i) = n i /n, i = 1, 2. In order to search for the optimal projection axes, Fisher's criterion is employed to seek a hyperplane ϕ to maximize
and optimally segment sea ice and open water [27] . The ϕ is explicitly given by Equation (5) .
The optimal projection vector is obtained by solving a general eigenvalue problem as the eigenvector corresponding to the largest eigenvalue of the matrix S −1 w S b . After obtaining the projection vector, the four parameters are projected to a 1-dimensional linear space. The distribution center of the sea ice and open water in the 1-dimensional space are then calculated. Finally, for each unclassified pixel, its distances referring to the distribution centers of the sea ice and open water samples are computed, and the pixel is classified to the class with relatively shorter distance. The polar sea ice extent obtained using the HY-2A/SCAT is shown in Figure 4a . The sea ice extent is apparent, yet errors still exist. Therefore, the residual error filtering is employed to improve the results of the classification using FLDA algorithm. 
Sea Ice Mapping and Validation
As discussed above, the FLDA algorithm is employed to produce operationally daily HY-2A/SCAT polar sea ice extent imagery. Figure 5 shows the seasonal and geographical sea ice products for a limited subset of days. The sea ice extent in the Arctic is shown in the top panel of Figure 5 . The variations of the sea ice extent in the maximum extent, the ice ablation phase, the summer minimum and the growth period, revealing the dynamic nature of arctic sea ice throughout the seasonal cycle, could be clearly seen from the image sequence. In the Antarctic, shown the summer minimum, the growth period, the maximum extent and the melt parse of the Antarctic polar sea ice could also be clearly observed, which similarly demonstrates the seasonal variations of the ice pack. 
Residual Errors Reduction
Occasionally, the afore-introduced parameters are invalid, because of the existence of non-observation regions and insufficient HH or VV observations (less than two observations), see the black region in Figure 4a . In order to operationally obtain daily HY-2A/SCAT sea ice extent, the pixels where the parameters are invalid are replaced using the previous day's products. The resolved result of Fig 4a is shown in Figure 4b , although there still have errors after remediation, significant improvements can be clearly found comparing with the result shown in Figure 4a .
It is possible that the ocean might be classified as sea ice because of the occurrence of strong sea surface winds, and the other physical mechanisms may also cause sea ice to be misclassified as ocean. These errors occur in the form of patch or isolated pixels during the imaging period as shown in Figure 4b , and the former is much more common than the latter. Fortunately, image erosion/dilation technique and sea ice growth/retreat constraint methods could be utilized to eliminate such misclassification. Specifically: the region growing technique [30] is used to identify and remove the misclassified as open water patches within sea ice region and vice versa. It is worth noting the existence of ice-free polynyas within sea ice region. In order to objectively identify the total sea ice extent, this processing can be adjusted to retain polynyas along with the infrequent misclassifications within the ice pack by skipping the inverse region growing step. In addition, the observed errors of infrequent misclassified "indentation" or "extrusions" along the ice edge are solved by image erosion/dilation method [31] . To select suitable structure element radius of image dilation/erosion, the previous day's ice extent map is combined with typical sea ice growth and retreat rates to constrain allowable ice motion. For this study, a threshold of 100 km per day is chosen as the maximum edge motion speed and is consistent with the radius of 2 mask at 25 km resolution image. Thus, diamond structure elements with a radius of 2 grid pixels is adopted to perform primarily image dilation/erosion to eliminate the errors in the sea ice edge. The result after above processing of Figure 4b is shown in Figure 4c . Almost all of the unreasonable classifications are corrected in both the connected sea ice and open water regions.
Sea Ice Mapping and Validation
SSMIS Sea Ice Concentration Comparison
As one of the common validation datasets, the continuous series of daily sea ice concentrations generated by NASA Team algorithms using SSMIS (DMSP F17) brightness temperatures from NSIDC in circumpolar regions [29] are adopted to verify HY-2A/SCAT derived sea ice extent. The SSMIS ice concentration and HY-2A/SCAT sea ice extent images are projected using the same polar stereographic projections and are presented using the same resolution grid with a pixel spacing of 25km. Then, the HY-2A/SCAT sea ice extent is compared with different ice extents at various SSMIS ice concentration levels. Past research has indicated that the 15% ice concentration level is consistent with sea ice extent derived in other studies [32] , while SSMIS 30% ice concentration contour are more consistent with the NSCAT derived sea ice extent [10] . In addition, the 15% and 30% SSMIS concentration contours were compared with the QuikSCAT derived ice extent [3, 33] . This correspondence relationship may change with different sensor and algorithm. In this section, the 0%, 15% and 30% SSMIS contours are used to make inter-comparison with the HY-2A/SCAT sea ice extent.
The daily HY-2A/SCAT polar sea ice extents and the SSMIS 0%, 15% and 30% ice extents from 1 January 2013 to 31 July 2015 are shown in Figure 6 . Because that the area of the pole hole is a no-data region, it is excluded when making sea ice extent calculation in this section. Figure 6 also shows that the HY-2A/SCAT observed sea ice extent fall into the range from SSMIS 0% to SSMIS 30% extent. For the Arctic, we found that the HY-2A/SCAT derived sea ice extent varies more widely between SSMIS 0% extent and SSMIS 30% extent, and the HY-2A/SCAT derived sea ice extent is greater than the SSMIS 0% extent during the ice ablation phase. The results for the Antarctic also demonstrate a reasonably good agreement with the SSMIS 0% extent during the sea ice melt period and fluctuate between SSMIS 0% and 15% extent during other time period. In addition, the observed HY-2A/SCAT derived Arctic sea ice extent varies more evidently than Antarctic between SSMIS 0% and 30% contour ice extent. Because some Arctic sea ice with lower concentration at low latitudes is difficult to precisely monitor along with the seasonal change. For instance, Sea ice persists off the eastern of Canada coast which extends south of Newfoundland to 50 degrees north latitude and the western coast of Okhotsk during winter in north latitude 50 degrees. Conversely, Antarctic sea ice completely surrounds the continent in winter, and the differences among different ice concentration contours are relatively small. For clarity, the absolute mean and standard deviation of difference between the SSMIS derived ice extent and the HY-2A/SCAT derived ice extent are calculated, and the statistics are shown in Table 1 . In general, as listed in Table 1 , the differences between the HY-2A/SCAT derived and the SSMIS 15% sea ice extent are smallest for both the Arctic and the Antarctic, with an absolute mean of 0.4027 and 0.2112 million km 2 . 
The daily HY-2A/SCAT polar sea ice extents and the SSMIS 0%, 15% and 30% ice extents from 1 January 2013 to 31 July 2015 are shown in Figure 6 . Because that the area of the pole hole is a no-data region, it is excluded when making sea ice extent calculation in this section. Figure6 also shows that the HY-2A/SCAT observed sea ice extent fall into the range from SSMIS 0% to SSMIS 30% extent. For the Arctic, we found that the HY-2A/SCAT derived sea ice extent varies more widely between SSMIS 0% extent and SSMIS 30% extent, and the HY-2A/SCAT derived sea ice extent is greater than the SSMIS 0% extent during the ice ablation phase. The results for the Antarctic also demonstrate a reasonably good agreement with the SSMIS 0% extent during the sea ice melt period and fluctuate between SSMIS 0% and 15% extent during other time period. In addition, the observed HY-2A/SCAT derived Arctic sea ice extent varies more evidently than Antarctic between SSMIS 0% and 30% contour ice extent. Because some Arctic sea ice with lower concentration at low latitudes is difficult to precisely monitor along with the seasonal change. For instance, Sea ice persists off the eastern of Canada coast which extends south of Newfoundland to 50 degrees north latitude and the western coast of Okhotsk during winter in north latitude 50 degrees. Conversely, Antarctic sea ice completely surrounds the continent in winter, and the differences among different ice concentration contours are relatively small. For clarity, the absolute mean and standard deviation of difference between the SSMIS derived ice extent and the HY-2A/SCAT derived ice extent are calculated, and the statistics are shown in Table 1 . In general, as listed in Table 1 , the differences between the HY-2A/SCAT derived and the SSMIS 15% sea ice extent are smallest for both the Arctic and the Antarctic, with an absolute mean of 0.4027 and 0.2112 million km 2 . In order to further verify sea ice edge, the HY-2A/SCAT-derived edge and SSMIS 0% and 30%
are superimposed on the image of as shown in Figure 7 . The figure shows that the HY-2A/SCATderived sea ice edge generally tracks between SSMIS 0% and 30% contours. In order to further verify sea ice edge, the HY-2A/SCAT-derived edge and SSMIS 0% and 30% are superimposed on the image of σ 41 H as shown in Figure 7 . The figure shows that the HY-2A/SCAT-derived sea ice edge generally tracks between SSMIS 0% and 30% contours. In order to further verify sea ice edge, the HY-2A/SCAT-derived edge and SSMIS 0% and 30%
are superimposed on the image of as shown in Figure 7 . The figure shows that the HY-2A/SCATderived sea ice edge generally tracks between SSMIS 0% and 30% contours. 
RADARSAT SAR Imagery Comparisons
RADARSAT SAR imagery, with high spatial resolution, is often used to visually validate the sea ice edge in small localized regions. For this study, several 5-m resolution Sentinel-1 h-pol C-band SAR images were obtained from Polar View Website (www.polarview.aq) and are overlapped with HY-2A/SCAT sea ice edges and SSMIS 15% sea ice concentration contours. The 15% ice concentration level is chosen because it excludes most of the open ocean background [34] and is consistent with HY-2A/SCAT derived ice extent. Some example images are shown in Figure 8 . We note that the RADARSAT SAR imagery is a "snap-shot" of the ice edge at a particular time of a day, while HY-2A/SCAT edge represents the averages of the entire day, which means that the We note that the RADARSAT SAR imagery is a "snap-shot" of the ice edge at a particular time of a day, while HY-2A/SCAT edge represents the averages of the entire day, which means that the comparison between the HY-2A/SCAT and the RADARSAT SAR imagery ice edge is not straight forward, but it is still reasonable to conclude that the HY-2A/SCAT derived sea ice using our algorithm is a good reference for monitoring the temporal variation of the sea ice edge.
SAR images
were obtained from Polar View Website (www.polarview.aq) and are overlapped with HY-2A/SCAT sea ice edges and SSMIS 15% sea ice concentration contours. The 15% ice concentration level is chosen because it excludes most of the open ocean background [34] and is consistent with HY-2A/SCAT derived ice extent. Some example images are shown in Figure8. Figure 8a,b presents the sea ice edge regions near the Greenland on 23 October and 3 November of 2015.
Temporal Series of Arctic Sea Ice Types
The sea ice extent are already identified using the HY-2A/SCAT measurements and are proven to be reliable in Section 4. Therefore, we here employ the HY-2A/SCAT derived sea ice extent to classify the HY-2A/SCAT sea ice type, and the sea ice type validation can further prove the objectivity of HY-2A/SCAT derived sea ice extent in magnitude.
Ice Types Identification
As clarified in Section 3, compared to H-pol measurements, the V-pol σ 0 values of HY-2A/SCAT are found to have greater differences between the MY and FY ice. Therefore, the V-pol σ 0 values of HY-2A/SCAT are used mainly in sea ice classification. Understanding the temporal nature of sea ice backscatter allows and improves the classification of sea ice as MY and FY. To visualize temporal sea ice characteristics, the temporal series of the histograms of HY-2A/SCAT σ 0 V over the Arctic sea ice region during the time period of 2012-2015 are generated and are shown in Figure 9 . Detailed as follows: the σ 0 V ranging from −25 dB to −5 dB are normalized at 0.2 dB intervals bins per day, thus the colors in Figure 9 represent the bin counts of VV measurements per day. Bounds are set subjectively for each day's histogram of winter σ 0 V values (from the October to the following May) by attempting to isolate the area of minimum bin counts that persists for most of the winter. The minimum points between the bounds are then identified by a fifth-degree polynomial, and constitute the time-dependent threshold as shown by the white curves that fluctuates between −10 dB and −15 dB in Figure 9 . As displayed, the distribution from each day during the winter has a large mode around −10 dB representing MY ice and one large mode around −17 dB representing FY ice. However, Antarctic sea ice σ 0 V trend as shown in Antarctic 2013-2014 in Figure 9 does not demonstrate a separation of modes corresponding to FY ice and MY ice since there is no much MY ice during the Austral summer.
Remote Sens. 2016, 8, 688 11 of 15 comparison between the HY-2A/SCAT and the RADARSAT SAR imagery ice edge is not straight forward, but it is still reasonable to conclude that the HY-2A/SCAT derived sea ice using our algorithm is a good reference for monitoring the temporal variation of the sea ice edge.
Temporal Series of Arctic Sea Ice Types
Ice Types Identification
As clarified in Section 3, compared to H-pol measurements, the V-pol values of HY-2A/SCAT are found to have greater differences between the MY and FY ice. Therefore, the V-pol values of HY-2A/SCAT are used mainly in sea ice classification. Understanding the temporal nature of sea ice backscatter allows and improves the classification of sea ice as MY and FY. To visualize temporal sea ice characteristics, the temporal series of the histograms of HY-2A/SCAT over the Arctic sea ice region during the time period of 2012-2015 are generated and are shown in Figure 9 . Detailed as follows: the ranging from−25dB to−5dB are normalized at 0.2 dB intervals bins per day, thus the colors in Figure 9 represent the bin counts of VV measurements per day. Bounds are set subjectively for each day's histogram of winter values (from the October to the following May) by attempting to isolate the area of minimum bin counts that persists for most of the winter. The minimum points between the bounds are then identified by a fifth-degree polynomial, and constitute the timedependent threshold as shown by the white curves that fluctuates between−10dB and−15dB in Figure  9 . As displayed, the distribution from each day during the winter has a large mode around−10 dB representing MY ice and one large mode around−17 dB representing FY ice. However, Antarctic sea ice trend as shown in Antarctic 2013-2014 in Figure 9 does not demonstrate a separation of modes corresponding to FY ice and MY ice since there is no much MY ice during the Austral summer. V drops sharply to lower bounds between September and November. It then decreases slightly from December to the next January. A slight fluctuation at a low value between January and June can be found. After June, it becomes difficult to identify the ice types using the backscatter signal until the late September due to melting. Meanwhile, for MY ice, the backscatter values drop gradually to low values close to that of the FY ice from October to June due to snow accumulation and metamorphic processes [35] . After June, It experienced a slight fluctuation and almost disappeared due to the decrease of the MY in recent decades [5] .
Based on this derived daily threshold, the time series of HY-2A/SCAT ice type images on the 15th of each month from January 2013 to July 2015 are produced and shown in Figure 10a . Previous studies indicate that the ice thickness of multiyear ice is thicker than the first-year ice. In general, the Arctic total sea ice presents the phenomenon of the rapid retreat over the past several decade [36] . However, as shown Figure 10a , the observed MY ice area appears to recover somewhat in 2014. Unfortunately, this recover mode does not last in 2015. June can be found. After June, it becomes difficult to identify the ice types using the backscatter signal until the late September due to melting. Meanwhile, for MY ice, the backscatter values drop gradually to low values close to that of the FY ice from October to June due to snow accumulation and metamorphic processes [35] . After June, It experienced a slight fluctuation and almost disappeared due to the decrease of the MY in recent decades [5] . Based on this derived daily threshold, the time series of HY-2A/SCAT ice type images on the 15th of each month from January 2013 to July 2015 are produced and shown in Figure 10a . Previous studies indicate that the ice thickness of multiyear ice is thicker than the first-year ice. In general, the Arctic total sea ice presents the phenomenon of the rapid retreat over the past several decade [36] . However, as shown Figure 10a , the observed MY ice area appears to recover somewhat in 2014. Unfortunately, this recover mode does not last in 2015. 
ASCAT/SSMIS Sea Ice Type Comparison
After sea ice type identification and classification, we obtain a continuous FY and MY sea ice record of the time period of 2013-2015, which can then be used to analyze the variation trends of the Arctic sea ice with different types. For comparison, the 10-km ASCAT/SSMIS sea ice type products produced using Bayesian approach from the EUMETSAT Ocean and Sea Ice Satellite Application Facility (EUMETSAT OSI SAF) are used [16, 17] .
The trends of the extent of MY ice, the overall ice extent above 60° N latitude observed by HY-2A/SCAT and ASCAT/SSMIS, as well as above SSMIS 15% concentration sea ice extent of the same region are show in Figure 10b . The HY-2A/SCAT observed MY ice shows good agreement with that observed by ASCAT/SSMIS. Meanwhile, similar to Figure 6 , HY-2A/SCAT derived total sea ice extent is close to SSMIS 15% contour sea ice extent at the same region. However, there are considerable 
The trends of the extent of MY ice, the overall ice extent above 60 • N latitude observed by HY-2A/SCAT and ASCAT/SSMIS, as well as above SSMIS 15% concentration sea ice extent of the same region are show in Figure 10b . The HY-2A/SCAT observed MY ice shows good agreement with that observed by ASCAT/SSMIS. Meanwhile, similar to Figure 6 , HY-2A/SCAT derived total sea ice extent is close to SSMIS 15% contour sea ice extent at the same region. However, there are considerable differences between the overall sea ice extents. The water-ice edge of the ASCAT/SSMIS ice type product is in fact trained towards SSMIS 30% ice concentration contour [17] , and it also explains the lower coverage of OSI SAF sea ice compared to the HY-2A/SCAT ice cover.
Conclusions
This paper developed an algorithm to map the sea ice extent over the polar regions using the Ku-band HY-2A/SCAT scatterometer data. Results have shown that HY-2A/SCAT data are capable of effectively discriminating between sea ice and open water using Fisher's linear discriminant analysis method and image processing technology Using an algorithm similar to the one used in [5] , arctic sea ice type products are produced using HY-2A derived sea ice extent based on dynamic threshold of the V-pol σ 0 values.
Five microwave parameters are used in this paper: backscatter polarization Ratio (σ 48 V /σ 41 H ), HH and VV polarized measurements (σ 41 H , σ 48 V ), and the daily standard deviation of dual-polarization (∆σ 41 H , ∆σ 48 V ). The combination of these parameters is proven effective in identifying sea ice versus ocean regions and Arctic sea ice type classification. The HY-2A/SCAT sea ice edge and extent are validated with high-resolution Sentinel-1 SAR imagery and, various sea ice concentration extents derived from SSMIS concentration (NSIDC). The validation results show the HY-2A/SCAT ice extent falls between SSMIS NASA Team 5% and 30% ice extent, and total sea ice has a similar seasonal change with SSMIS data. Meanwhile, the HY-2A/SCAT is much more sensitive in detecting the edge of sharp sea ice edge compared with diffusing sea ice edge. In addition, HY-2A/SCAT derived ice type map can provide high confidence MY ice products compared with the OSI SAF operational ASCAT/SSMIS sea ice type product.
In conclusion, this research verifies the capacity of HY-2A/SCAT in monitoring polar sea ice, as well as presents a new polar sea ice extent and type products, which is the extension ice records for the QuikSCAT, OSCAT and ASCAT. Future works will focus mainly on the improvement of algorithm developed in this paper.
